The interpretation of resonant decay spectra of molecules resulting from an energetically unselective excitation may be very complex: a large number of core-excited states is accessible by broadband excitation and thus decay contributions of all of these states can be found in the observed spectra. For an understanding of the spectra a knowledge of the potential curves of all core-excited and final states involved as well as information about the populated intermediate states is necessary. In this paper, we demonstrate this by studying the broadband resonant Auger spectrum of hydrogen fluoride in detail. A comparison with the experimental spectrum obtained after electron-impact excitation will be drawn. For this paper the needed potential curves have been computed using extended ab initio multireference configuration-interaction calculations. The information on the core-excited states populated by electron impact is obtained by calculation of the electron energy-loss spectrum of HF and comparison with the corresponding experimental spectrum.
I. INTRODUCTION
The study of electronically highly excited, short-lived molecular states using molecular decay spectroscopy ͑e.g., Auger or x-ray emission spectroscopy͒ presents a vivid field of current interest. Impetus was given in the last years by experimental progress in measuring vibrationally resolved spectra ͓1-6͔ on the one hand, and on the other hand by the development of the time-dependent theory of wave-packet dynamics ͓7-10͔ that allows for a time-resolved description of the processes under study, as a complement to the longer known time-independent approach ͓11-14͔. The interpretation of decay spectra may be very complex due to interference effects, which occur between the competing processes of excitation, decay, and nuclear dynamics. These interferences become pronounced as soon as the underlying time scales become comparable.
In this contribution we concentrate on the resonant decay spectroscopies in the case of an energetically unselective ''broadband'' excitation. In the resonant techniques one investigates core-excited states in contrast to the nonresonant techniques where the decay of core-ionized states is studied. In comparison with the nonresonant decay spectra the resonant analogues show some features, which complicate their interpretation: Normally, there exists a large number of energetically close-lying electronic states of the core-excited molecule. Through ''broadband'' excitation a lot of intermediate states can thus be populated simultaneously. The decay of these states into the manifold of final states then leads to a vast number of contributions, which can all lie within the same energy region of the spectrum. New interferences can be caused by transitions from different intermediate states into the same final states, yielding energetically overlapping contributions. Performing an energetically selective ''narrow-band'' excitation, as has already been performed in many experiments ͑see, e.g., ͓5,6,15͔ and references therein͒, one can achieve, of course, that only one intermediate state is populated. In this case, however, new interferences may appear due to the now comparable time scales of excitation and nuclear motion in the intermediate state. These interference effects have already been studied in detail ͓9, 16-19͔. As an additional complication, the various core-excited states can differ strongly in character, in contrast to the generally bound core-ionized states. When the core electron is excited into an antibonding molecular orbital, one usually finds purely repulsive potential curves whereas excitation into atomiclike Rydberg orbitals yields bound states, in general. In the case of strongly repulsive states the dissociation of the molecule takes place on the same time scale as the decay, and thus one can find an interplay between the socalled ''molecular'' contributions and the decay in the atomic fragments after dissociation of the molecule. Such an interplay between ''molecular'' and ''atomic'' contributions has widely been observed, starting with the first observation of ''atomic'' lines in the resonant Auger spectrum of HBr ͓20͔. For the reasons mentioned, a detailed theoretical study of all potential curves involved and of the nuclear dynamics on them is, in general, indispensable for an interpretation of the observed spectra.
The theoretical description of molecular decay spectra is a relatively complex task. This complexity is mainly caused by the influence of the nuclear dynamics in the core-excited as well as in the final states. For an exact treatment of the nuclear dynamics the knowledge of the potential curves of all electronic states involved is necessary. Additionally, for the calculation of the spectra, the decay rates of all possible transitions are needed. The computation of these rates is itself very complicated because a description of the continuum wave function of the electron emitted during the decay is necessary ͑see, e.g., ͓21,22͔; for a discussion of approximation methods, see ͓23͔ and references therein͒.
In this paper we would like to demonstrate the complexity of resonant decay spectra caused by broadband excitation, by studying the resonant Auger spectrum of hydrogen fluoride obtained after electron-impact excitation. With this aim, the needed potential curves ͑Sec. IV͒ and the electron energyloss spectrum ͑Sec. V͒ have been computed. Comparison with the experimental absorption spectrum ͓24͔ allows us to extract the necessary information about which states are populated through electron impact. In Sec. VI, finally, all contributions from the core-excited states more intensely populated during the excitation are discussed ͑Sec. VI A͒. Based on these results, an interpretation of the experimental broadband spectrum ͓25͔ is given in Sec. VI B. In the next section we will begin with a short survey of the theory of wave-packet dynamics.
II. THEORY
The theory of wave-packet dynamics to describe the nuclear dynamics accompanying the decay of an electronically highly excited state has been developed in the last few years starting with its first formulation for the case of nonresonant decay spectroscopy ͓7͔. Subsequently, the theoretical description has been extended to cover also cases where nonadiabatic interactions among several electronic states either in the intermediate-or in the final-state manifold are present ͓8,10͔. Finally, the theory has been augmented by including the excitation process into the description, which is indispensable for resonant decay spectroscopy where the whole process cannot be divided into the two subsequent steps of excitation and decay ͓9͔.
The core of the theory of wave-packet dynamics is a set of differential equations for the so-called nuclear wave packets of the decaying and the final state, which allow for their propagation in time. In these wave packets all the spectroscopically relevant information is contained, and thus, the absorption as well as the decay spectra can be calculated with the aid of the wave packets. In the following, we will summarize the most important results needed in the present context.
A. Propagation of the wave packets
In order to derive differential equations for the nuclear wave packets one starts with the following ansatz for the total wave function ͉ tot ͘ of the system as a sum over all the molecular states involved in the considered process:
Here, in a Born-Oppenheimer sense, all the molecular states have been written as a product of the electronic states ͉⌽ i ͘, ͉⌽ d m ͘, and ͉⌽ f k (E)͘, and the nuclear wave functions Here, we show the differential equations obtained within the weak-field approximation, i.e., the recoupling of the intermediate state to the initial state is neglected ͓9͔:
with the effective intermediate-state Hamiltonian
The 
B. Wave packets and spectral intensities

Absorption spectra
In the case of absorption spectroscopy one measures the probability for the absorption of a particle with energy instigating a subsequent decay. The total absorption intensity d () is obtained by summation of the partial intensities d m () over all intermediate states populated through the excitation,
The absorption intensities can be extracted out of the intermediate-state wave packets. In the case of a broadband excitation this is a well-known fact ͓26-33͔:
with the auto-correlation function
The absorption intensities in the narrow-band case can easily be obtained from the broadband ones ͓34͔:
where M () is the spectral weight function defined by Fourier transformation of the excitation function, M () ϭ͐dtg(t)e it . Thus, by narrow-band excitation just a part of the broadband excitation spectrum is filtered out, which is centered about the excitation energy.
Decay spectra
The connection between the nuclear wave packets and the partial decay intensities f k (E) in dependence of the kinetic energy E of the particle emitted during the decay is directly obvious from ansatz ͑1͒ for the total wave function of the system. Since the decay intensity measures the probability of decay into the final electronic state ͉⌽ f k (E)͘, the intensities f k (E) are just given by the norm of the final-state wave packets ͉⌿ f k (E,t)͘ in the long-time limit ͓7͔:
͑10͒
The total decay intensity f (E) is simply obtained by summation of the partial intensities over all final states reached during the decay:
III. COMPUTATIONAL DETAIL
The computation of the partial absorption intensities d m () as well as the partial Auger intensities f k (E) have been performed by propagation of the nuclear wave functions ⌿ d and ⌿ f in time according to differential equations ͑5͒ and ͑3͒. The intensities are then obtained by using Eqs. ͑7͒ and ͑10͒, the final broadband absorption and Auger spectra result after summation of the partial intensities over all intermediate and final states, respectively, according to Eqs. ͑6͒ and ͑11͒. As described in detail in Ref. ͓9͔ the wave functions have been represented on a uniformly spaced grid, the action of the kinetic energy has been performed by fast Fourier transform, and the propagation, by a short iterative Lanczos integrator ͓35-37͔.
The potential curves of the lowest-lying, core-excited intermediate states as well as of the cationic final states have both been computed by a multireference single-double configuration-interaction ͑CI͒ method, using a triple zeta valence basis set augmented by polarization functions ͓38,39͔. For the intermediate state the basis set has additionally been augmented by diffuse functions ͓40͔ for the fluorine to describe the 3sp and 4sp shells in order to obtain the right asymptotic behavior of the potential curves ͑i.e., for internuclear distances R˜0 and R˜ϱ).
The CI calculations for all the intermediate states were done in the Hartree-Fock self-consistent-field ͑SCF͒ molecular-orbital basis of the lowest-lying core-excited state ͓HF:
1 ⌺ ϩ (F 1s˜4)͔. The configuration space was generated by allowing all single and double excitations with respect to each of the following reference configurations: F 1s˜4, F 1s˜x, and F 1s,i˜4,x ͑with x ͕F 3s, F 3p, F 4s, F 4p͖ and i͕2,3,1͖). This configuration space was restricted by imposing single occupancy of the 1 (F 1s) orbital.
For the final states, the molecular-orbital bases for the CI were obtained by complete active space ͑CAS͒ SCF calculations on an average of the relevant states in each symmetry ͑three ⌺ ϩ states, three ⌸ states, one ⌬ state, and one ⌺ Ϫ state͒. The CASSCF calculations were done in an active orbital space comprising four orbitals and two orbitals. The subsequent CI calculations were done in a configuration space comprising all single and double excitations of the CASSCF configurations, reduced in size by the internal contraction scheme ͓41͔. The F 1s orbital was kept doubly occupied in all calculations.
IV. POTENTIAL CURVES OF HF
Figure 1 displays the computed potential curves ͑the individual data points are not listed here for brevity of presentation but can be received from the authors upon request͒: At the beginning of the process the molecule is found in its electronic ground state with an equilibrium distance of R eq ϭ0.918 Å. In the figure, the equilibrium distance is indicated by the dashed line. The energetically lowest-lying core-excited state is created by excitation of one core electron into the antibonding 4(*) molecular orbital. It represents a strongly repulsive state dissociating into hydrogen and core-excited fluorine F*( 2 S: 1s˜2p). A series of bound Rydberg states is found above separated by an energy gap of more than 4 eV at the equilibrium distance. In energetically increasing order, these Rydberg states correspond to an excitation of an F 1s electron into an atomiclike Rydberg orbital of 3p, 4s, and 4 p character, respectively.
The two lowest-lying cationic final states can be classified as 1-hole states ͓(1) Ϫ1 and (3) Ϫ1 ͔ and are of bound character. They can be reached by so-called participator Auger decay from the core-excited states. The above-lying final states are of the 2-hole-1-particle type ͑accessible by spectator decay͒, where the antibonding molecular 4 orbital remains occupied. Consequently, these states all exhibit strongly repulsive character dissociating into H( 2 S) and F ϩ ( 1 D, 1 S, or 3 P). Besides the displayed singlet core-excited states also the corresponding triplet states are accessible by an energetically unselective excitation via electron impact and have, therefore, been computed as well. The calculations revealed that each triplet almost parallels the corresponding singlet state, i.e., it appears with the same shape at approximately the same energy. Only in the molecular region ͑about the equilibrium distance R eq ) the triplets are slightly shifted towards lower energies than the singlets as a consequence of exchange interaction.
V. ELECTRON ENERGY-LOSS SPECTRUM OF HF
The calculation of the electron energy-loss spectrum of HF represents a test for the computed potential curves of the intermediate states. At the same time by comparison with the experimental spectrum ͓24͔ information is gained about which core-excited states are populated through unselective electron impact and can thus contribute to the resonant broad-band spectrum of HF. Figure 2 comprises the most important results on the calculations of the electron energy-loss spectrum of HF and compares with the experimental spectrum of Hitchcock and Brion ͓24͔. At the top the most intense contributions originating from the excitation into the two lowest-lying coreexcited states, the dissociative 1 ⌺ ϩ and the first Rydberg state are shown separately. In correspondence with the respective dissociative and bound character of the potential curves ͑see Fig. 1͒ one finds a relatively broad and structureless peak at about 687 eV and a sharp peak with vibrational structure at about 691 eV. The higher Rydberg states all yield contributions of similar shape to that of the first Rydberg state but at slightly higher energies. Since the Rydbergstate curves are shifted only very little with respect to the ground state ͑see Fig. 1͒ , the Franck-Condon overlaps between the initial state and the intermediate state levels favor a weak vibrational excitation of all Rydberg contributions.
Here and in the following, the decay width of all coreexcited states is assumed to be 0.2 eV, the same as the decay width of core-ionized HF ϩ ͓21,24͔, corresponding to a lifetime of 9 fs. This value should be a very good estimate because the decay width represents an almost purely atomic property.
For an exact calculation of the whole excitation spectrum the knowledge of the excitation matrix elements would be necessary in order to determine the relative weights of the single contributions. Since the aim of the present paper has been the investigation of the broad-band Auger spectrum, we have only made an estimate for these weights. This can be done satisfactorily by comparison with the experimental data ͓Fig. 2͑c͔͒ because the two most important contributions to the spectrum ͓Fig. 2͑a͔͒ are energetically well separated from each other and from the above-lying contributions. The higher-lying Rydberg states are only responsible for details of the structure in the high-energy side of the peak at 691 eV as well as for the small peak at about 692.5 eV. In Fig. 2͑b͒ the total spectrum is depicted as is obtained by summation of the contributions of all intermediate states shown in Fig. 1 , weighted with the relative intensities that have been chosen as stated in the figure caption. In Fig. 2͑c͒ the same spectrum is displayed after convolution with Gaussians of full width at half maximum ͑FWHM͒ of 0.2 eV in order to account for the experimental broadening ͓42͔.
The comparison with the experimental spectrum shows that the main features, especially the peak positions and peak shapes, are reproduced very well. The largest deviation concerns the energy gap between the peak at 687 eV and the higher energy contributions, which is about 0.6 eV too large compared with the experimental data. This is probably caused by the fact that the computations on the intermediatestate potential curves are all done in the molecular-orbital basis of the lowest-lying core-excited state, leading to a little worse description for the higher-lying Rydberg states. However, it is the excitation energy corresponding to the Rydberg peak that agrees with the experiment better than that of the lower-lying peak. Thus the error in the computed energy of the neutral ground state is comparable to that of the Rydberg states and slightly larger than that of the lowest-lying intermediate state. Since only the relative energy distances between the intermediate and final states enter in the calculations of decay spectra, this fact has not been pursued further. Finally, since the exact values of the excitation matrix elements are not known, the finest details of the structure of the high-energy peak are also not reproduced exactly.
Focusing again on the peak at 687 eV in the experimental spectrum, one notes that it does not exhibit a smooth decrease on its low-energy side. This indicates a noticeable excitation of the dissociative triplet state, which almost parallels the corresponding singlet state. Only at small ''molecular'' internuclear distances ͑about the equilibrium distance R eq ) the triplet is stabilized with respect to the singlet due to exchange interaction as mentioned above. This explains that the triplet contribution is found at slightly smaller excitation energies than the singlet one.
Concluding, we have seen that mainly the two lowestlying core-excited singlet states as well as the dissociative triplet state are markedly excited by electron impact. Thus the decay of these states is expected to yield the main contributions to the resonant broadband Auger spectrum and will be discussed in the next section. The decay of the higher Rydberg states, which are only weakly excited by electron impact, are supposed to intensify, at most, the background of the decay spectrum.
VI. RESONANT BROADBAND AUGER SPECTRUM OF HF
With the knowledge of the involved potential curves ͑Fig. 1͒ and the intermediate states populated through broad-band excitation ͑Sec. V͒ we are now able to study the different broad-band Auger transitions. In the experiment ͓25͔ with which we want to compare, the excitation has been achieved by energetically unselective electron impact. As we have seen in the preceding section, the two lowest-lying singlet states as well as the lowest-lying triplet states are the most populated states in this case.
In Sec. VI A we start with the discussion of the individual contributions originating from the decay of the dissociative 1 ⌺ ϩ state and the lowest-lying bound Rydberg state. By studying these one can identify very nicely the different peak shapes for dissociative-bound, dissociative-dissociative, bound-bound, and bound-dissociative transitions. The Auger contributions from the dissociative triplet state will not be discussed separately because this state essentially parallels the corresponding singlet state and contributions from this state are thus of similar shape as the singlet contributions and appear at nearly the same Auger energies. For the discussion of the total Auger spectrum and the comparison with the experimental data ͓25͔ in Sec. VI B we have to keep in mind, however, that the relative intensities of the triplet contributions can deviate strongly from the singlet ones.
A. Individual broadband Auger contributions
In the case of broadband excitation the excitation occurs very fast in comparison with the nuclear dynamics and the decay. This allows us to separate the whole process into the two subsequent steps of excitation and decay. The excitation can be viewed as a practically instantaneous, vertical process. The intermediate-state wave packet ͉⌿ d (tϭ0)͘ is created in accordance with the Franck-Condon principle and then, begins to propagate under the influence of the corresponding potential and, simultaneously, to decay. The region of internuclear distances covered during propagation defines a decay zone, in which the decay takes place. The energy differences between the populated intermediate-state levels and the final-state energy levels determine the energies of the emitted particles.
For dissociative curves, the intermediate-state wave packet ͉⌿ d ͘ is formed at the classical turning point because the ͑improper͒ eigenfunctions of dissociative potentials are localized there. The wave packet directly experiences the repulsive forces and leaves the zone of its creation immediately. Besides the ''molecular'' peak coming from the decay near the turning point an ''atomic'' peak is formed due to decay after dissociation of the molecule into its atomic fragments. In Fig. 3͑a͒ the broadband contributions are displayed originating from the decay of the dissociative 1 ⌺ ϩ state into all final states shown in Fig. 1 . For all contributions one finds a very intense and relatively sharp atomic peak accompanied by a broad molecular part. The two high-energy contributions above 663 eV correspond to the Auger decay into the lowest-lying bound final states ͑participator transitions͒. As a consequence of the bound character of these final states, the atomic decay leads to smaller Auger energies than the decay in the molecular region. Additionally, one can identify a slight vibrational structure in one of the contributions, as is typical for the decay into a bound final state. The ͑spectator͒ transitions into the dissociative final states result in contributions below 660.5 eV. Here, the atomic peaks are found at higher Auger energies than the corresponding molecular part because the final-state potential curves are steeper than the intermediate-state potential in the molecular region. As is easily understood by the potential curves of Fig. 1 , some contributions in the spectrum have atomic peaks at coincident energy positions, reflecting the degeneracy of the dissociation products. Altogether one finds atomic peaks at 653.8 eV, 656.7 eV, and 659.4 eV corresponding to the three different dissociation limits H( 2 S)ϩF
The decay contributions of the first Rydberg state are shown in Fig. 3͑b͒ . The peak intensities are chosen arbitrarily so that all contributions could be displayed within the same frame. In this case the intermediate state is bound and the shape of the decay contributions does not show an atomic feature. Also, for the Rydberg Auger contributions we find a separation between the two high-lying participator contributions above 670 eV and the contributions below 668 eV coming from the decay into the dissociative final states. Since the Rydberg state and the two bound final states are shifted only slightly against each other, only weak signs of a vibrational excitation is found in the corresponding contributions. Due to the repulsive nature of the other final states the small vibrational excitation of the core-excited state can instead be noticed in the contributions to these final states. They all exhibit a more or less asymmetric peak shape, varying with the steepness of the final-state potential curve in the molecular region. This asymmetry can be explained by the fact that the core-excited state is shifted slightly towards internuclear distances larger than R eq . The wave packet, which oscillates between an inner and outer turning point according to its vibrational excitation, is, therefore, created closer to the inner turning point. Hence, the inner turning point is reached faster by the propagating wave packet and the decay here is more intense than at the outer turning point.
B. Total Auger spectrum of HF
In this section the experimental broadband spectrum ͓25͔ obtained after electron-impact excitation is analyzed. The aim of the experiment has been the measurement of the ''normal'' Auger spectrum of HF obtained after core ionization of the molecule. This spectrum is found at energies below 650 eV. Due to the energetically unselective excitation, besides core-ionized also core-excited molecules have been created and thus also the resonant Auger spectrum lying above 656 eV has been observed. The resonant spectrum is dominated by a relatively intense and sharp peak at 656.6 eV FIG. 3 . Single broadband Auger contributions from ͑a͒ the dissociative 1 ⌺ ϩ state and ͑b͒ the first bound Rydberg state into all final states of Fig. 1 . In order to distinguish the various contributions, they are shown using different line styles. Note that the ordinate scale is chosen arbitrarily for each single contribution such that all contributions could fit into the same frame.
accompanied by three weak and broader peaks at about 653.8 eV, 657.9 eV, and 659.4 eV, emerging above a relatively noisy background ͓see Fig. 4͑a͔͒ . The most intense peak as well as the lowest and highest peaks have been assigned to atomic contributions originating from the decay of the atomic fragments of the dissociative 1 ⌺ ϩ state into final states that dissociate into H( 2 S) and
3 P), respectively. For the peak at 657.9 eV no explanation has been found in Ref.
͓25͔.
As we can see in Figs. 4͑c͒ and 4͑d͒ all spectator transitions of the dissociative 1 ⌺ ϩ state and from the first Rydberg state yield contributions in the observed energy region. For a detailed assignment of the peaks in the spectrum, therefore, the accurate knowledge of the Auger rates for all of these transitions would be necessary. An exact computation of these rates would imply a large numerical effort, which does not seem to be sensible at the present stage of experiment. For a rough estimate of the Auger rates for the transitions originating from the decay of the dissociative 1 ⌺ ϩ state the corresponding Auger rates of Ne after 1s ionization ͓43͔ can be used instead. At least for the intense atomic transitions of the core-excited F*(1s˜2p) these rates should provide a very good estimate. Using these rates to weigh the different contributions of the 1 ⌺ ϩ state the spectrum shown in Fig.  4͑b͒ is obtained. Now we are able to give the following interpretation: Our calculations confirm that the most intense peak in the spectrum at 656.7 eV originates from atomic transitions between the first 1 ⌺ ϩ state and the final states that dissociate into H( 2 S) and F ϩ ( 1 D). The high intensity of this peak is in agreement with the high Auger rate for the corresponding transition in the Ne Auger spectrum as it can be seen from Fig. 4͑b͒ . As a consequence of the preference of these transitions also the corresponding weaker molecular contributions are visible in the spectrum. They form ͑the probably dominant͒ part of the energetically lowest peak in the spectrum at 653.8 eV, which also contains atomic contributions due to transitions between the 1 ⌺ ϩ and the third ⌺ ϩ final state dissociating into H( 2 S) and F ϩ ( 1 S). Of course, because we do not know the exact Auger rates, we cannot analyze precisely the relative importance of the atomic contributions with respect to the molecular contributions to this peak but its relatively broad shape indicates a considerable molecular contribution.
Turning to the remaining two peaks at 657.9 and 659.4 eV, our calculations tend to exclude that they originate from the decay of the 1 ⌺ ϩ intermediate state. The peak at 659.4 eV was assigned by the experimentalists ͓25͔ to the atomic transition from the 1 ⌺ ϩ state into the final states dissociating into H( 2 S) and F ϩ ( 3 P). Although compatible with the computed transition energy, the Ne Auger rates indicate, however, that this transition is strongly suppressed, whereas transitions to the two lowest final states appear at higher energies and contribute at most to the noisy background of the spectrum. The peak at 659.4 eV may instead result from the atomic transition of the dissociative triplet state to the final state dissociating into H( 2 S) and F ϩ ( 3 P). As discussed above, the triplet-state curves possess very similar shapes to those of the singlet states and thus give rise to similar contributions in the spectra. The probability of this special transition could be strongly enhanced in comparison with the corresponding singlet transition because both the intermediate and the final states are triplets. Another possible explanation for this peak, as well as for the hitherto unexplained peak at 657.9 eV, are the contributions originating from the decay of the Rydberg states. These contributions also provide an explanation for the strong background in this energy regime of the spectrum.
The interpretation given here is confirmed by recent experiments ͓44͔ in which the resonant Auger spectrum of HF is measured upon an energetically narrow optical excitation. By this selective excitation only the dissociative singlet state is populated and indeed in the experimental spectrum one does not find any noticeable contributions in the energy region between 656.8 eV and 662 eV.
Concluding, we have seen in this section that a vast number of transitions can be found if the core excitation is performed in an energetically unselective manner. To restrict the number of transitions and thus facilitate the interpretation it is sensible to use energetically sharp excitation pulses ͑narrow-band excitation͒ in the way that only one intermediate state is populated during the excitation. As has been shown in previous publications ͓17-19͔, in these cases new interesting interference effects due to the interplay between excitation, decay, and nuclear dynamics in the intermediate state can occur, especially when detuning the excitation. FIG. 4 . Comparison between the experimental broadband resonant Auger spectrum of HF after electron-impact excitation ͓25͔ and the computed data. ͑a͒ Experimental spectrum and ͑b͒ theoretical spectrum for the decay of the dissociative 1 ⌺ ϩ state. The relative weights of the various contributions have been taken from the Auger spectrum of Ne ͑see text͒. ͑c͒ and ͑d͒ Individual contributions from the dissociative 1 ⌺ ϩ state and the first Rydberg state, respectively, as described in Fig. 3 . The ordinate scale is chosen arbitrarily for all curves.
VII. CONCLUSIONS
In this paper we have analyzed in detail the resonant Auger spectrum of HF obtained after an energetically unselective core excitation. This study may serve as an example for the complexity of Auger spectra resulting from the population of various intermediate states.
All the relevant potential curves of the core-excited states and the cationic final states have been computed with high accuracy using multireference CI methods. Particular care has been taken with the computation of the core-excited states in order to get the information about all states, which are populated through an unselective excitation and thus contribute to the Auger spectrum. By calculating the electron energy-loss spectrum and comparing it with the experimental data ͓24͔, we found that besides the lowest-lying singlet state, of purely repulsive nature, also the above-lying bound singlet Rydberg states are accessible by an unselective excitation. Despite the relatively large energy separation of about 4 eV from the dissociative 1 ⌺ ϩ state, the population of the lowest-lying Rydberg state is relatively high ͑about 30 percent͒. Additionally, as a consequence of the nonoptical excitation with electrons, also the lowest-lying triplet state should be noticeably populated. This state essentially parallels the corresponding singlet state -only in the molecular region the triplets are slightly shifted towards lower energies than the singlets as a consequence of exchange interaction. Consequently, the contribution to the electron energy-loss spectrum is found at slightly lower energies leading to a small distortion of the 1 ⌺ ϩ peak. In our calculations of the individual broadband Auger contributions resulting from the decay of the dissociative 1 ⌺ ϩ state and the first bound Rydberg state we found a large number of different contributions all lying within the same energy region of the spectrum. The various contributions exhibit different shapes in dependence of the nature of the populated decaying and final states. While the Rydberg transitions ͑bound-bound and bound-dissociative transitions͒ all give rise to more or less asymmetric distorted peaks, the decay of the dissociative 1 ⌺ ϩ state leads to an interplay between ''molecular'' and ''atomic'' contributions.
Since the 1 ⌺ ϩ state is strongly repulsive, the dissociation occurs very rapidly. The ''atomic'' contributions dominate and are the most intense peaks of the whole broad-band spectrum. This fact allowed us to take the Auger decay rates of neon as an estimate for the real Auger rates of the decay contributions of the 1 ⌺ ϩ state and enabled us to interpret the Auger spectrum resulting upon electron-impact excitation. We saw that, in fact, the decay of all noticeably populated intermediate states yields contributions visible in the spectrum.
For an exact calculation of the spectrum one would need, of course, the exact decay rates together with their possibly strong dependence on the internuclear distance. As an additional difficulty, one would have to take into account interferences between overlapping contributions coming from the decay from different intermediate states into the same final state. All this would imply a great numerical effort. A sensible alternative would consist of performing an energetically selective excitation, in order to restrict the number of participating core-excited states. Such a narrow-band excitation has already been performed for several other molecules ͑see, e.g., Refs. ͓5,6,15͔ and references therein͒. As has been shown in previous publications ͓17,18͔, narrow-band excitation leads to interference phenomena due to comparable time scales of excitation and decay. Since these interferences can be controlled by variation of the excitation energies ͓17,19͔, narrow-band spectra are, nevertheless, much easier to interpret than the corresponding broad-band spectrum.
